Wild Australian Sorghum species are a tertiary gene pool to grain sorghum [Sorghum bicolor (L.) Moench], and they are of interest to breeders because of their resistance to important insects and pathogens. However, strong reproductive barriers have prevented hybridization between S. bicolor and these wild species. The purpose of this study was to determine if the recessive iap allele (dominant allele Iap 5 inhibition of alien pollen) would reduce or eliminate the pollen-pistil incompatibilities that prevent hybridization between S. bicolor and divergent Sorghum species. Cytoplasmic male-sterile S. bicolor plants, homozygous for the iap allele, were pollinated with three divergent Sorghum species, S. angustum Blake, S. nitidum (Vahl) Pers., and S. macrospermum Garber. The pollen of these three wild species readily germinated and the pollen tubes grew to the base of the S. bicolor ovary within 2 h after pollination. Hybrid embryos were detected in the S. bicolor florets 13 to 20 d post-pollination. Sorghum bicolor 3 S. angustum and S. bicolor 3 S. nitidum hybrids were obtained using embryo rescue followed by in vitro culture techniques and hybrids between S. bicolor and S. macrospermum were obtained by simply germinating the hybrid seed. These hybrids were confirmed by their morphological and cytological traits. These findings clearly demonstrate that the recessive iap allele circumvents pollen-pistil incompatibilities in the genus Sorghum and permits hybrids to be made between S. bicolor and species of the tertiary gene pool.
comprise an untapped tertiary gene pool. The wild Australian Sorghum species are of particular interest to plant breeders because some of them are resistant to important insects and pathogens including midge [Stenodiplosis (Contarinia) sorghicola (Coquillett)] and sorghum downy mildew [caused by Peronosclerospora sorghi (Weston and Uppal) Shaw] (Hacker et al., 1992; Franzmann and Hardy, 1996; Sharma and Franzmann, 2001; Kamala et al., 2002) . However, sorghum breeders have not been able to use this tertiary gene pool because S. bicolor would not hybridize with these species (Garber, 1950; Schertz and Dalton, 1980; Doggett, 1988) . Hodnett et al. (2005) reported that pollen-pistil interactions are the primary reasons why S. bicolor will not hybridize with divergent Sorghum species. They determined that the pollen tubes of 14 alien Sorghum species behaved abnormally in the pistils of S. bicolor. For most of the alien species, pollen tubes did not grow beyond the stigma. However, a very small number of tubes of three species, S. ecarinatum Lazarides, S. macrospermum, and S. matarankense Garber & Snyder, grew into the S. bicolor ovary, but fertilization and subsequent embryo development were not common. When fertilization and embryo development did occur, the endosperm deteriorated which resulted in embryo death (Hodnett et al., 2005) . Only one embryo was observed in 1237 ovaries dissected from florets of cytoplasmic male-sterile S. bicolor that had been pollinated by S. macrospermum (Hodnett et al., 2005) . This embryo was rescued and cultured in vitro. The resultant seedling was verified as a hybrid based on its cytological and morphological characteristics (Price et al., 2005a) .
The rescue and culture of rare hybrid embryos are possible for only a few crosses between S. bicolor and species in sections other than Eu-sorghum. Therefore, approaches to increase the frequency of hybridization are needed. Since pollen-pistil incompatibilities in grasses may be genetic in nature (Riley and Chapman, 1967; Lange and Wojciechowska, 1976; Sitch and Snape, 1986; Snape et al., 1979) , one method to overcome barriers to hybridization is to screen S. bicolor germplasm for accessions that will hybridize with the wild species. Using this approach, Laurie and Bennett (1989) screened S. bicolor accessions using maize (Zea mays L.) pollen. They discovered a S. bicolor accession (Nr481) from China in which the maize pollen germinated and pollen tubes grew into the styles of some of the plants. When the dominant allele of the gene (Iap) was present, growth of maize pollen tubes into S. bicolor styles was inhibited. However, when the recessive allele, iap was present in the homozygous state, the maize pollen tubes grew through the S. bicolor pistils. The objective of this study was to determine if the recessive iap allele will reduce or eliminate the pollen-pistil incompatibilities that prevent hybridization between S. bicolor and three widely divergent Sorghum species, S. angustum, S. macrospermum, and S. nitidum, which represent different taxonomic sections.
MATERIALS AND METHODS

Plant Materials
All plants were grown in greenhouses at College Station, TX. Male-sterile S. bicolor plants (2n 5 2x 5 20) with the iap allele were derived from progeny of the backcross [DL1325 (cytoplasmic male-sterile) 3 S. bicolor Nr481] 3 S. bicolor Nr481 (Laurie and Bennett, 1989) . These plants were used as the female parent in crosses with S. angustum (2n 5 2x 5 10), S. nitidum (2n 5 4x 5 20), and S. macrospermum (2n 5 4x 5 40) ( Table 1) .
Analysis of Pollen Tube Growth
The growth of alien pollen tubes in the pistils of S. bicolor with (iap iap) and without (Iap Iap) the iap allele was determined by using a modified Kho and Baer (1968) procedure (Hodnett et al., 2005) . Most spikelets were removed from the inflorescences 24 h after pollination but some spikelets were collected 1 and 2 h after pollination. All spikelets were fixed overnight in absolute ethanol/glacial acetic acid (3:1). Pistils were excised from the florets inside the spikelets, stored in 70% ethanol at 2208C, and cleared and softened overnight in 0.8 M NaOH. The pistils were placed in a solution of 0.025% (w/v) aniline blue in 0.1 M K 2 PO 4 for approximately 30 min, mounted on microscope slides in 50% 0.1 M K 2 PO 4 and 50% glycerol, and examined with a Zeiss Universal II microscope (Carl Zeiss Inc., Gottingen, Germany). Pollen tube fluorescence was induced using 390-to 420-nm light from a mercury lamp with a 450-nm emission filter. Images were captured with an Optronics VI-470 system (Optronics Inc., Goleta, CA) and digitally stored and processed with Optimas (v. 6.1) image analysis software (Optimas Corp., Bothell, WA).
The length of time required for S. bicolor pollen grains to germinate and the pollen tubes to grow through a S. bicolor ovary is less than 1 h (Hodnett et al., 2005) . To account for possible slower growth of alien pollen tubes through S. bicolor pistils, alien pollen tubes in S. bicolor pistils (with and without the iap allele) were observed at 24 h post-pollination. Data regarding pollen germination and tube growth in the stigma branches, stigma axes, styles, and ovaries were statistically analyzed in a completely randomized design using PC SAS (SAS Institute, 2002) . Data from individual pistils were used for replications. Since different numbers of pistils were evaluated for each sample, a general linear model was used and differences among means were detected using a Fisher protected LSD (Steel and Torrie, 1980) .
Recovery of Hybrid Plants
Embryos from crosses between cytoplasmic male sterile S. bicolor, iap iap 3 S. angustum and S. nitidum, were excised from the ovaries 13 to 20 d after pollination. These rescued embryos were placed in petri dishes on a culture medium that consisted of Murashige-Skoog (Murashige and Skoog, 1962) basal salts and vitamins supplemented with 10 mg
inositol, and 50 g L 21 sucrose, solidified with 0.7% agar (plant tissue culture grade, Phytotechnology Laboratories, Shawnee Mission, KS) (Sharma, 1999) . The dishes were placed into an environmental chamber set to 16 h light/8 h dark at 248C. After the embryos germinated and several leaves had developed, seedlings were transplanted into soil in pots and grown in a greenhouse. Hybrids between S. bicolor, iap iap, and S. macrospermum were obtained by simply germinating the seeds.
Chromosome Analysis
Chromosome spreads were prepared using a modification of the protocol reported by Jewell and Islam-Faridi (1994) . Actively growing roots were treated with a saturated aqueous solution of a-bromonaphthalene for 1.75 h at room temperature, fixed in 95% ethanol/glacial acetic acid (4:1 v/v), rinsed several times with distilled water, hydrolyzed for 5 min in 0.2 M HCl, and rinsed 10 min with distilled water. Cell walls were digested with an aqueous solution of 5% cellulase (Onozuka R-10, Yakult Honsha Co. Ltd., Tokyo) and 1.0% pectolyase Y-23 (Seishin Corporation, Tokyo) at pH 4.5 for 15 to 25 min at 378C and rinsed three times with distilled water. Meristems were placed on a clean glass slide in an ethanol/ glacial acetic acid (3:1) solution, macerated, and spread with fine-tipped forceps, air-dried at room temperature for 2 d, and stained with Azure Blue.
RESULTS
Interspecific Pollinations of S. bicolor (Iap Iap)
The mean germination of S. angustum, S. nitidum, and S. macrospermum pollen when placed on S. bicolor, Iap Iap, stigmas was significantly lower than that of the control, S. bicolor pollen on S. bicolor, Iap Iap, stigmas ( Table 2 ). The mean number of alien pollen tubes that grew through the stigma, style, and ovary of S. bicolor, Iap Iap, was significantly less than for the control (Table 2) . Among the alien species, significant differences were observed in the growth of their pollen tubes in S. bicolor pistils (Table 2 ). For S. nitidum, tubes were not observed beyond the stigma axes of S. bicolor, Iap Iap. Sorghum angustum tubes grew well into the stigma branches but few grew through the stigma axes and into the style of S. bicolor, Iap Iap. Only 0.04% of the tubes were observed in the style and none reached the ovary. Pollen tubes of S. macrospermum readily grew into the stigma axes of S. bicolor, Iap Iap, but less than 2.5% of them grew into the style and rarely were they observed in the ovary (Table 2) . 
Interspecific Pollinations of S. bicolor (iap iap)
When the S. bicolor female parent was homozygous for the iap allele, alien pollen tube growth significantly increased ( Fig. 1; Table 3 ). There were significant differences among alien species for the growth of their pollen tubes in S. bicolor, iap iap, pistils (Table 3) , but 87% of the pistils examined had tubes in the ovaries. The iap iap genotype clearly permitted pollen tubes of S. angustum, S. nitidum, and S. macrospermum to grow through the stigmas and styles and into the ovaries of S. bicolor, resulting in fertilization, embryo formation, and the production of hybrids.
Examined at 1 and 2 h Post-pollination
Even though the iap iap genotype permitted pollen tubes of alien species to grow through S. bicolor pistils, the percentage of alien pollen tubes that grew to the ovary was less than that when S. bicolor was pollinated with S. bicolor pollen (Tables 2 and 3 ). Sorghum bicolor pollen tubes grew to the micropyle of S. bicolor ovules within 45 min to 1 h after pollination (Hodnett et al., 2005;  Table 2 ). To determine the rate the alien pollen tubes grew into S. bicolor ovaries, pistils of iap iap genotypes were independently dusted with S. macrospermum and S.angustum pollen and examined at 1 and 2 h after pollination. The S. macrospermum tubes had grown into 6 of 16 (38%) S. bicolor, iap iap, ovaries of the pistils examined at 1 h and into 15 of 16 (94%) ovaries examined at 2 h. Similarly, S. angustum tubes had grown into 2 of 6 (33%) ovaries of the S. bicolor, iap iap, pistils examined at 1 h and 11 of 12 (92%) ovaries examined at 2 h. These findings indicate that alien pollen tubes grew slower into S. bicolor, iap iap, pistils than did S. bicolor tubes.
Recovery and Identification of Interspecific Hybrids
Following interspecific pollination, the frequency of S. bicolor, iap iap, ovules with an embryo was usually between 10 and 19% (Table 4) . Because the seed aborted in these interspecific crosses with S. bicolor (with exception of S. macrospermum) following breakdown of the endosperm, the embryos were rescued and cultured in vitro. The excised hybrid embryos grown under these culture conditions frequently produced various amounts of a reddish-brown non-anthocyanin precipitate. This precipitate often encircled the embryo and killed it. The frequency of hybrids recovered via embryo culture was 20.7 and 4.5% for the S. bicolor 3 S. angustum and S. bicolor 3 S. nitidum crosses, respectively (Table 4) . Embryo rescue and culture were not required to recover plants from the S. bicolor 3 S. macrospermum crosses, where 60% of the sampled seeds germinated (Table 4) .
The hybrid nature of the plants was confirmed by their morphology and somatic chromosome numbers (Fig. 2) . The S. bicolor 3 S. angustum hybrids had 15 chromosomes with five large chromosomes from S. angustum and 10 small chromosomes from S. bicolor (Fig. 2A) . The S. bicolor 3 S. nitidum hybrids had 20 chromosomes with 10 small chromosomes from S. bicolor and 10 large chromosomes from S. nitidum (Fig. 2B) . Hybrid seedlings from these two crosses lacked vigor and eventually died. Even though more than 10 leaves usually developed per seedling, no more than three or four leaves were usually present at any one time. These small leaves (seldom exceeding 15 cm long) were initially green in color but often accumulated anthocyanins and became dark red within several days. To date, none of these hybrids have produced inflorescences. The S. bicolor 3 S. macrospermum hybrids were vigorous and cytoplasmic male-sterile, similar to their maternal parent. They had the expected triploid chromosome number of 2n 5 3x 5 30 (Fig. 2C) . The S. bicolor chromosomes are smaller than most of the S. macrospermum chromosomes; however, at least three of the S. macrospermum chromosomes appear similar to those of S. bicolor (Fig. 2C) . Attempts to backcross these hybrids with S. bicolor have not been successful. Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved.
DISCUSSION
The primary reason why hybrids cannot be produced between S. bicolor and Sorghum species outside the Eusorghum section is that the pollen tubes of the alien species fail to grow through the S. bicolor pistils (Hodnett et al., 2005) . One approach to increase the frequency of wide hybridization between diverse Sorghum species is to screen S. bicolor germplasm for accessions that will readily hybridize with divergent Sorghum species. Similar incompatibilities in other grasses have been circumvented by using genotypes that reduce or eliminate pollen-pistil incompatibilities. For example, in wheat (Triticum aestivum L.) duplicate genes influenced intergeneric crossability (Riley and Chapman, 1967) . In crosses between wheat and rye (Secale cereale L.) and wheat and bulbous barley (Hordeum bulbosum L.), the dominant alleles Kr 1 and Kr 2 in wheat inhibited pollen tube growth at the base of the style and in the ovary wall (Lange and Wojciechowska, 1976; Jalani and Moss, 1980; Snape et al., 1979) . However, genetic variation also exists in bulbous barley that allows its pollen tubes to grow into wheat pistils, even when wheat possesses the Kr 1 allele (Sitch and Snape, 1986 ).
Laurie and Bennett (1989) discovered a S. bicolor accession (Nr481) in which maize pollen tubes were able to grow through its pistils. A genetic analysis revealed that maize pollen tubes grew through the S. bicolor pistils when the S. bicolor plant was homozygous for a recessive allele iap (Laurie and Bennett, 1989) . It remains to be determined if the iap allele is evolutionarily related to the Kr 1 and Kr 2 alleles of wheat.
The iap allele dramatically increases our ability to hybridize divergent Sorghum species with S. bicolor. This is demonstrated from our efforts to cross S. bicolor with S. macrospermum, S. angustum, and S. nitidum. When S. angustum and S. nitidum were crossed onto S. bicolor, Iap Iap, hybrid embryos were never formed because their pollen tubes failed to grow into the S. bicolor ovaries, and the S. nitidum tubes never grew beyond the stigma axes (Table 3; Hodnett et al., 2005) . However, when the S. bicolor parent was homozygous for the iap allele, pollen tubes of these two alien species grew rapidly through the stigmas, styles, and ovaries (Table 3) and into the ovules, where fertilization occurred and embryos were produced and hybrids were eventually recovered (Table 4 ). In the case of S. macrospermum, a limited number of its pollen tubes grew into the ovaries of S. bicolor, Iap Iap, plants not homozygous for the iap allele (Tables 2 and 3 ), but embryo formation was rare. Hodnett et al. (2005) reported only one embryo from 1237 (0.08%) S. bicolor, Iap Iap, pistils pollinated with S. macrospermum pollen. In the present study, when a S. Table 3 . Means and standard errors for percentage of germination and tube growth at 24 h postpollination of S. angustum, S. nitidum, and S. macrospermum pollen in pistils of S. bicolor with (iap iap) and without (Iap Iap) the iap allele and the effect of the iap allele across all species. Letters within columns indicate significant differences between the groups based on LSD, P , 0.05. bicolor plant, homozygous for the iap allele, was pollinated with S. macrospermum pollen, about 10% of the pistils formed seeds and 60% of these germinated (Table 4) . Vigorous S. bicolor 3 S. macrospermum hybrids were readily obtained without embryo rescue and were identified by their intermediate morphology.
The lack of vigor in the S. bicolor 3 S. angustum and S. bicolor 3 S. nitidum hybrid seedlings may be related to culture conditions. The presence of the reddish-brown non-anthocyanin precipitate surrounding the cultured embryos and the formation of extensive anthocyanin in the hybrid seedlings' leaves may be an indication of stress, because the presence of anthocyanin in S. bicolor is often stress related. Improvements in the composition of the embryo culture medium and in light and temperature regimes may result in more vigorous hybrid plants. However, it is more likely that weakness of the hybrids is due to genetic incompatibility between the S. bicolor genome and those of S. angustum and S. nitidum.
The range of species that will hybridize with S. bicolor, iap iap, is not known. In the current study, hybrids were recovered from crosses between S.bicolor, iap iap, and S. angustum, S. nitidum, and S. macrospermum (Table 1) . These three species were chosen because they represent taxonomic and phylogenetic divergence in the genus based on a combined ITS/ndhF sequence comparison (Dillon et al., 2004) and their chromosome size and numbers (Price et al., 2005b) . Sorghum macrospermum (2n 5 4x 5 40), a member of the Chaetosorghum section, is considered to be one of two species outside the Eu-sorghum section that is most closely related to S. bicolor (Dillon et al., 2004) . It has relatively small chromosomes with a base chromosome number of x 5 10. Sorghum nitidum (2n 5 4x 5 20), a member of the Para-sorghum section, is basal in a lineage with relatively large chromosomes and a base chromosome number of x 5 5. Sorghum angustum (2n 5 10), a member of the Stiposorghum section, is a derived species within the same lineage as S. nitidum (Dillon et al., 2004) . It also has large chromosomes and a base chromosome number of x 5 5. In addition to the three species mentioned above, we have recovered hybrid embryos from crosses between S. bicolor, iap iap, and 11 other diverse Sorghum species. Detailed studies of these crosses and the resultant hybrids have not been completed. However, it appears that hybrids can be recovered from crosses between S. bicolor and most, if not all, of the Sorghum species of the Para-sorghum, Stiposorghum, Chaetosorghum, and Heterosorghum sections, if the S. bicolor female parent is homozygous for the iap allele. It has not been determined if hybrids can be produced between S. bicolor, iap iap, and species of other grass genera and, if so, how divergent a species can be and still produce viable hybrids.
The recovery of interspecific Sorghum hybrids is important to the success of long-term sorghum improvement programs. Collectively, species classified in sections other than Eu-sorghum possess many useful traits that have not been available for sorghum improvement (Hacker et al., 1992) . The production of these interspecific hybrids represents the first step in transferring genes from the tertiary gene pool to the primary gene pool. While considerably more research is needed to determine optimal methods for inducing fertility and achieving introgression between the genomes, there is real potential to extract new genes for resistance to several biotic stresses as well as abiotic stresses such as drought resistance and heat tolerance which would not be possible without the iap allele.
